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Abstract
With the advent of high-resolution and cost-effective genomics and bioinformatics tools and methods contributing to a large
database of both human (HAdV) and simian (SAdV) adenoviruses, a genomics-based re-evaluation of their taxonomy is warranted.
Interest in these particular adenoviruses is growing in part due to the applications of both in gene transfer protocols, including gene
therapy and vaccines, as well in oncolytic protocols. In particular, the re-evaluation of SAdVs as appropriate vectors in humans is
important as zoonosis precludes the assumption that human immune system may be na€ıve to these vectors. Additionally, as impor-
tant pathogens, adenoviruses are a model organism system for understanding viral pathogen emergence through zoonosis and
anthroponosis, particularly among the primate species, along with recombination, host adaptation, and selection, as evidenced by
one long-standing human respiratory pathogen HAdV-4 and a recent re-evaluation of another, HAdV-76. The latter reflects the
insights on amphizoonosis, defined as infections in both directions among host species including “other than human”, that are pos-
sible with the growing database of nonhuman adenovirus genomes. HAdV-76 is a recombinant that has been isolated from human,
chimpanzee, and bonobo hosts. On-going and potential impacts of adenoviruses on public health and translational medicine drive
this evaluation of 174 whole genome sequences from HAdVs and SAdVs archived in GenBank. The conclusion is that rather than
separate HAdV and SAdV phylogenetic lineages, a single, intertwined tree is observed with all HAdVs and SAdVs forming mixed
clades. Therefore, a single designation of “primate adenovirus” (PrAdV) superseding either HAdV and SAdV is proposed, or alter-
natively, keeping HAdV for human adenovirus but expanding the SAdV nomenclature officially to include host species identifica-
tion as in ChAdV for chimpanzee adenovirus, GoAdV for gorilla adenovirus, BoAdV for bonobo adenovirus, and ad libitum.
© 2020 Willi Hennig Society.
Introduction
Adenoviruses are non-enveloped viruses with linear
double-stranded DNA genomes of approximately
36 000 base pairs. The major capsid proteins of the
adenovirus virion include the hexon, penton, and fibre
proteins, which constitute the icosahedral outer shell.
Each face of the icosahedron is composed of three
identical copies of the hexon protein, with 12 pentons
at the vertices of the icosahedron. Each penton unit
comprises five identical penton proteins, with a fibre
protein fixed to each vertex. This fibre is a trimer of
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three identical monomers. Sequence variation in the
hexon and fibre proteins constitutes the major differ-
ence between adenoviral types (Harrach et al., 2011).
These viruses are found in all vertebrates examined to
date, spanning fishes to amphibians to reptiles to birds
to mammals (Harrach et al., 2011). The family Aden-
oviridae is subdivided into five genera into which human
adenoviruses (HAdV) and simian adenoviruses (SAdV)
comprise the genus Mastadenovirus (Harrach et al.,
2011). Within the historical taxonomic scheme based on
presumed hosts and biology (and speculation), arbitrar-
ily separate HAdV and SAdV species were recognized,
with the HAdV serotypes distributed across seven spe-
cies, HAdV species A-G, and SAdV types distributed
into at least three species, SAdV species A-C arbitrarily
noted in the literature (Harrach et al., 2011; Chen et al.,
2011b; Roy et al., 2012; Chiu et al., 2013; Malouli et al.,
2014), or more, SAdV species A-G (Panto et al., 2015),
all of which may or may not be recognized formally by
the ICTV Adenovirus Working Group (Harrach et al.,
2011). Recently, additional SAdV species D-I have been
proposed to accommodate newly sequenced genomes
(Dadakova et al., 2017). Oddly, a 2019 report of a glo-
bal examination of selected adenoviruses noted the
HAdV species but left SAdV entries as “unnamed” with
respect to species (Harrach et al., 2019). Nevertheless,
the shared, intertwined phylogenetic relationships
between all SAdVs and HAdVs are noted in the specula-
tion that several "members of three HAdV species most
probably originated from [Old World Monkey] AdVs",
from one member of the ICTV (Panto et al., 2015). This
reinforces the analyses presented in this report and sup-
ports the proposal that there should be no distinction
between primate hosts amongst these clades or species,
and, more importantly, the potential for zoonosis is sub-
stantial and worrisome (Bailey et al., 2018).
In this genomics era, HAdV identification and typ-
ing have evolved from the low-resolution, restrictive,
and data-limited serological endeavours based solely
on two antigenic epitopes (Aoki et al., 2011) to a
broader, host-independent DNA sequence- and gen-
ome-based classification (Seto et al., 2011; Seto et al.,
2013) that has allowed much more comprehensive and
expansive views, with higher resolution understanding
of their relationships providing important implications
for their taxonomy. These implications include recog-
nizing the branching of HAdV and SAdV genomes
from a single phylogenetic tree with viruses of both
groups forming subclades comprising the seven ICTV-
recognized “HAdV” species and several novel but phy-
logenetically related species that could potentially
include both SAdVs and HAdVs. That is, unlike the
past taxonomic scheme of separating HAdV and
SAdV species, the genomes of both “simian” and “hu-
man” AdV genotypes comingle, intertwine, and form
clades and subclades together in one phylogenetic tree.
Therefore, rather than segregating arbitrarily into
HAdV species and SAdV species, we propose the des-
ignation of “primate adenovirus” (PrAdV) to recog-
nize that these viruses encode highly similar genomes
that share common ancestry and that apparently may
interchange hosts. As the term “simian” in the past
referred to only “nonhuman” SAdVs, for consistency
with the historical literature, “simian” AdVs will refer
to “nonhuman” simian AdVs in this report.
The timely re-evaluation of HAdV and SAdV taxon-
omy and phylogeny is of academic as well as clinical,
epidemiological, and public health importance. HAdVs
were among the first human viral respiratory patho-
gens to be isolated and characterized (Rowe et al.,
1953; Hilleman and Werner, 1954). They are linked to
a range of diseases in the respiratory, ocular, renal,
hepatic, cardiac, and gastrointestinal systems, and are
implicated in a metabolic disease, obesity (Arnold
et al., 2010; Yamada et al., 2012; Lion, 2014). There
are currently 103 GenBank-recognized genotypes of
HAdVs (http://hadvwg.gmu.edu/), evaluated by a
Human Adenovirus Working Group. Rather than
being simply a basic biological research interest,
SAdVs are increasingly recognized as important to
human health from both an epidemiological perspec-
tive, e.g., zoonosis (Purkayastha et al., 2005a; Pur-
kayastha et al., 2005b; Dehghan et al., 2013b), and a
clinical applications perspective, e.g., gene delivery vec-
tors (Graham and Prevec, 1992; Roy et al., 2004; Roy
et al., 2006) and as oncolytic agents (Doronin and
Shayakhmetov, 2012; Larson et al., 2015). Sequence
recombination within the separate groups of HAdV
and SAdV genomes has been reported as an important
mechanism of adenovirus evolution, leading to novel
and emergent viruses and pathogens (Walsh et al.,
2009; Walsh et al., 2010; Robinson et al., 2011; Robin-
son et al., 2013; Hoppe et al., 2015b). Surprisingly,
genome recombination between HAdVs and SAdVs
has also been reported, suggesting zoonosis and
anthroponosis (Dehghan et al., 2013a; Dehghan et al.,
2019), along with complementing reports of cross-spe-
cies viral transmissions between humans and other
simians that elicited neutralizing antibodies in both
(Xiang et al., 2006; Roy et al., 2009; Ersching et al.,
2010; Wevers et al., 2011; Chen et al., 2011b; Chiu
et al., 2013; Pauly et al., 2015; Hoppe et al., 2015a).
To provide a high-resolution and more comprehensive
view of the phylogenetic relationships and taxonomy
of HAdVs and SAdVs, this report uses a broader
examination of all published HAdV and SAdV gen-
omes to yield heuristically parsimonious phylogenomic
trees. This analysis yields a revised, broad taxonomic
view of an intertwined phylogenetic tree with implica-
tions for human health, not only because these viruses
are putative emergent and re-emergent pathogens
(Xiang et al., 2006; Roy et al., 2009; Ersching et al.,
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2010; Wevers et al., 2011; Chen et al., 2011b; Chiu
et al., 2013; Pauly et al., 2015; Hoppe et al., 2015a),
but also because of their use as potential gene delivery
and gene therapy vectors for medical therapies (Gra-
ham and Prevec, 1992; Roy et al., 2004; Roy et al.,
2006). The latter is important as SAdVs have been pre-
sumed to be attractive, alternative vectors that bypass
pre-existing human prior exposure and resultant
immunity. It should be noted that due to the lack of
whole genome data for many nonhuman and non-
simian adenoviruses, the exploration of cross-species
transmission may be incomplete. Therefore, this report
is focused on primate hosts. To date, partial hexon
sequences suggest cross-species transmissions may have
occurred between human and bat hosts, and human
and cat hosts, as noted in a recent literature survey of
zoonosis, anthroponosis, and amphizoonosis (Borken-
hagen et al., 2019). The hexon gene encodes the major
adenovirus capsid protein, and is the source for anti-
genic variation within the adenoviral population. It
has been shown to be an active locus for recombina-
tion between adenoviruses (Singh et al., 2012; Seto
et al., 2013; Singh et al., 2015). It is the target for vac-
cine development. Hexon epitopes have been used as a
marker for adenoviral identification and phylogeny for
many years, prior to the advent of whole adenoviral




One hundred and seventy-four adenovirus whole genome
sequences were downloaded from GenBank (https://www.ncbi.nlm.
nih.gov/). Among these, 98 genomes were from viruses infecting
human hosts, 69 were isolated from simian hosts, and seven were
from non-human and non-simian hosts, selected as representing out-
groups for phylogeny analysis. Note, some genomes were deposited
by researchers for patent application purposes. One example is
SAdV-6, which apparently is a modified vector (genomic regions
deleted and/or laboratory-derived chimeric) and therefore excluded
from this study. All viruses were collected and reported in the litera-
ture between 1951 and 2017, with sequence data deposits relatively
recent (1984–2007). Additional information associated with these
viruses is described in Table S1.
Genome sequence processing
Genome sequence alignments of the 174 strains were generated
using tools in the software Multiple Alignment using Fast Fourier
Transform package (MAFFT version 7), with default parameters
(https://mafft.cbrc.jp/alignment/server/). MAFFT was selected for all
alignments, including gene sequences, due to its speed and its capac-
ity to handle a large amount of data. The whole genome alignment
was additionally, manually inspected for accuracy using BioEdit
(http://www.mbio.ncsu.edu/bioedit/bioedit.html). To provide a more
detailed analysis, eight genes and DNA sequences were selected,
extracted, and analyzed in addition to the whole genome. These
include the major capsid proteins used for recognizing and character-
izing HAdV genotypes: penton base, hexon, and fibre. Additionally,
the E1A, DNA polymerase, and E4ORF6 coding regions were sam-
pled. The variable regions, loops 1 and 2, comprising one antigenic
epitope, “epsilon”, are contained in the hexon gene, while the second
antigenic epitope, “gamma”, is contained in the fibre gene. For indi-
vidual gene processing, the genome coordinates of the start and end
of each gene were mapped through GenBank records. Genes of
interest were extracted from the whole genome alignment based its
genome position in BioEdit. The sequences of each set of genes were
aligned in MAFFT using default parameters. From this, both fasta
and Nexus output alignment formats were saved. The fasta sequence
alignment was visualized and inspected in BioEdit, and the Nexus
alignment was used in PAUP to generate the heuristically parsimo-
nious tree. Other alignment software, such as ClustalW2, were also
used to confirm alignments produced by MAFFT, which was used
for all of the trees. Trees generated from either MAFFT and Clus-
talW2 alignments were not significantly distinct.
Outgroup choices
Representative genomes were chosen as outgroups from the other
genera in Adenoviridae for context, as the focus is on primate
AdVs. Two AdVs were picked from each of the non-Mastadenovirus
genera: Aviadenovirus, Atadenovirus, and Siaadenovirus. These were
isolates from mammalian-distinct species including turkey, jungle-
fowl, lizard, snake, frog, and penguin, respectively. A fourth genus,
Ichtadenovirus, is not represented as the prototype (white sturgeon)
genome only contains three coding sequences. As an additional out-
group reference, a closely related mammalian but nonprimate-
hosted adenovirus, the northern treeshrew adenovirus (TAV), was
used in the analyses. It forms a clade within the Mastadenovirus
genus.
Phylogenetic analysis
Phylogenetic relationships amongst the sequences were determined
using a heuristically parsimonious tree algorithm for the whole gen-
omes and select individual genes as implemented by “Phylogenetic
Analysis Using Parsimony” (PAUP, version 4.0a build156; http://pa
up.sc.fsu.edu/) with 1000 bootstrap replicates. All bootstrap analyses
first were resampled with a full heuristic search. A random stepwise
addition with 10 replicates was applied. The whole genome phyloge-
netic tree was also reconfirmed using the software “Tree analysis
using New Technology” (TNT, version 1.5; http://www.lillo.org.ar/
phylogeny/tnt/) (Nixon, 1999). A full search with Ratchet, tree drift-
ing, and tree fusing set in default was used until an arbitrary mini-
mum length was discovered by TNT that was hit five times as a
stopping rule. Phylogenetic trees were annotated and manipulated in
“Treegraph2” (version 2.13.0-748 beta; http://treegraph.bioinfweb.inf
o/). Nodes and tip labels were edited in “Inkscape” (version 0.91;
https://inkscape.org/en/).
Phylogenetic network
A phylogenetic networks analysis based on default parameters
was constructed using “SplitsTree4” (version 2.14.6; http://www.split
stree.org/) (Huson and Bryant, 2006). This was performed by sub-
mitting a “characters block” to NeighborNet and EqualAngle tools
implementing a Neighbor-net network and equal angle algorithm. A
model comparison test was performed in jModelTest-2.1.10 to select
the best-fit model of nucleotide substitution. The likelihood score
with the best base tree search was computed and the model with
the lowest Bayesian Information Criterion score (delta = 0) was
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considered to best fit the nucleotide substitution pattern. Conse-
quently, the GTR + I + G nucleotide substitution model was cho-
sen for the character transformations. Phylogenetic network
analysis was used to account for the horizontal gene transfer,
hybridization, and recombination using the realistic model. Nodes
and edges were reformatted to illustrate a more accurate visualiza-
tion.
Percent identity clustering
Genome sequence identity matrices for each lineage were gener-
ated using BioEdit. To analyze the identity matrices data, an R
script was compiled to evaluate the percent identity clustering using
the package ‘gplots’ (R Core Team 2017; https://cran.r-project.org/
web/packages/gplots/index.html). Heat maps, reflecting sequence
identities, for each designated PrAdV species were created to visual-
ize the lineages in phylogenetic trees. The lowest percent identity
between two human adenovirus genomes was set as the cutoff
threshold for species discrimination.
Comparative genome analysis
Detailed character optimization analyses of the sequences at the
nucleotide (“character”) level were performed. In the context of the
very large dataset generated, to define lineages and gene changes that
vary between subgroups of the phylogenetic tree of PrAdV that have
CI = 1 were examined in more detail (Table S2). Conserved single
nucleotide polymorphisms (SNP) across the genomes within the des-
ignated PrAdV-A, B, C, D, E, and H phylogenetic lineages
(“species”) were interpreted.
Non-gap phylogenetic character changes were manually identified
using the alignments in BioEdit. The Expasy translate tool allowed
each nucleotide character identified to be translated into its corre-
sponding protein sequence (http://web.expasy.org/translate/), which
enabled the identification of point mutations based on nucleotide
changes. Nucleotide and amino acid were then realigned in Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) to locate their
positions and to confirm the changes in the genes.
Results
Phylogenetic analysis of the whole genomes
A heuristically parsimonious phylogenetic analysis
was performed on available whole genome sequences
as well as on select gene/coding sequences of 174
HAdV and SAdV isolates collected and reported
between 1951 and the present. These genome
sequences include representatives of all HAdV and
SAdV genotypes, along with seven outgroup represen-
tatives for reference. In toto, these genomes range in
size from 25 000 to 45 000 nucleotides, with the aver-
age genome length amongst Mastadenovirus viruses
being approximately 35 000 nucleotides, reconfirming
earlier analyses with an incomplete set of whole gen-
ome data (Seto et al., 2010). The average G + C con-
tent is about 56%, which is distinctive for the
Mastadenovirus genus, with characteristic percentages
reflecting each of the seven HAdV species, and again
reconfirming earlier observations (Seto et al., 2010).
In this parsimony search, 68 414 characters were
resampled within each replicate. Within this parsimony
analysis, all characters have equal weight and are of
the type ‘unord’. In summary, of the 68 414 total char-
acters, 20 493 characters are constant, 9598 variable
characters are parsimony-uninformative, and 38 323
characters are parsimony-informative. The latter class
of characters was then used to generate the lineages in
the heuristically parsimonious phylogenetic tree using
TNT, shown in Fig. 1. Detailed information of the
genomes is presented in Table S1, including GenBank
accession numbers. Within this single phylogenetic
tree, it should be noted that among clades comprising
solely HAdV genotypes or SAdV genotypes, there are
clades containing both. All clades branch closely
together and given additional novel genomes, further
iterations may show even closer phylogenetic relation-
ships, as reported in the past, for example the inclu-
sion of SAdV-21 into HAdV species B.
A comparison of two phylogenetic analyses using
PAUP and TNT algorithms reconfirmed the heuristi-
cally parsimonious tree results, as shown in Supple-
mental Figs. S1 and S2, respectively. The analyses
provided similar Consistency Index (CI) and Retention
Index (RI) values, and resulted in highly similar lin-
eages in both trees. A RI value of 0.782 was generated
from TNT, versus 0.7809 for PAUP, with a reference
of “1” representing the scenario in which the charac-
ters fit the tree perfectly, in a range from 0 to 1 (Far-
ris, 1989). For trees generated in TNT with equal
weight, this indicates a moderate “fit for character”
measure. TNT analysis yielded a CI of 0.289, with “1”
representing no homoplasy, in a range from 0 to 1
(Kluge and Farris, 1969), which is consistent with the
PAUP analysis at 0.2884. The CI value may indicate
homoplasy in alignments, as the MAFFT tool gener-
ated reproducible alignments, which were additionally
re-evaluated and confirmed manually, and were sup-
ported by the Mauve results. The total branch lengths
generated using TNT and PAUP were also similar.
The total length reported in TNT is 348 219, which is
less than the 348 940, generated in PAUP. TNT
showed a superior heuristic search than PAUP. Total
branch length differences suggest fluctuations in evolu-
tionary time estimation between nodes.
Nineteen distinct OTUs (Operational Taxonomic
Units), clades, or lineages (to be referred to as “species”
in accordance with the adenovirus literature) are classi-
fied from the whole genome heuristically parsimonious
phylogenetic tree analysis. These species are proposed
to be renamed “Primate Adenovirus” species (PrAdV-A
to S) to acknowledge their close relationships branching
from a single tree and to reflect the intermingling of
viral lineages regardless of host. This tree includes the
established and formally-recognized human adenovirus
(HAdV-A to G) species along with previously proposed
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and/or informally recognized various SAdV species that
are noted in the literature (Harrach et al., 2011; Chen
et al., 2011b; Roy et al., 2012; Chiu et al., 2013; Malouli
et al., 2014; Panto et al., 2015; Dadakova et al., 2017),
to be renamed “primate adenoviruses” with PrAdV-A
to –G for the former and PrAdV-H to -S for the latter.
Again, as noted in Fig. 1, each of these species designa-
tions may include both HAdVs and SAdVs within the
same clade, rather than the previous arbitrary separa-
tion and designation of species for each (Harrach et al.,
2011; Chen et al., 2011b; Roy et al., 2012; Chiu et al.,
2013; Malouli et al., 2014; Panto et al., 2015; Dadakova
et al., 2017). This observation is consistent with recent
reports of and analyses incorporating additional SAdV
genomes (Roy et al., 2009; Wevers et al., 2010; Wevers
et al., 2011; Pauly et al., 2015; Hoppe et al., 2015a;
Hoppe et al., 2015b).
Several major clades in the whole genome tree
showed a more significant lineage. For example, spe-
cies PrAdV-D is distinct and separated from all other
AdV species. PrAdV-B clade comprises HAdV-B and
SAdV-B isolates. This supports the hypothesis that the
distinction between the HAdVs and SAdVs are trivial.
The PrAdV-B clade is further divided into four sub-
clades: PrAdV-B1, PrAdV-B2, PrAdV-B3 and PrAdV-
B4. The lineages of these heuristically parsimonious
phylogenetic trees are consistent with previous analyses
of smaller whole genome data sets and for individual
HAdV genes.
PrAdV-E comprises HAdV-4 and all SAdVs within
the current HAdV-E species clade. PrAdV-C contains
HAdV-C and a part of the SAdV-C subclade. PrAdV-
G contains HAdV-52 and several SAdV-G strains.
SAdV-43 and SAdV-45 form a separate clade, Finally,
PrAdV-K is a clade of SAdV-43 and SAdV-45, leaving
the following that do not cluster with any other geno-
types and are separated into individual clades: SAdV-
16, SAdV-18, SAdV-13, DM-2014, SAdV-20, SAdV-
WIV19, and TMAdV. Note, changes to the existing
parameters in PAUP generate the same results. The






























































































































































































































































































































































































































































































































Fig. 1. Heuristically parsimonious phylogenetic relationships of
Mastadenovirus viruses. Whole genome sequences from 174 human,
simian, and outgroup adenoviruses were aligned using MAFFT ver-
sion 7 software, with default parameters (https://mafft.cbrc.jp/align
ment/server/), and analyzed using the heuristically parsimonious
phylogenetic tree algorithm embedded in the TNT software (http://
www.lillo.org.ar/phylogeny/tnt/). Sequences from our recent analysis
are indicated with GenBank no’s (REF: PMID: 29410402). The iter-
ations were run with default parameters and 1000 bootstrap repli-
cates. The current species designations of the human and simian
adenovirus species are noted, followed by the proposed new designa-
tion “primate adenovirus species” (PrAdV). This classification recog-
nizes the intertwined genomes and close phylogenetic distances.
Bootstrap values are shown, with 80% noted as robust. [Colour
figure can be viewed at wileyonlinelibrary.com]
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topology of the heuristically parsimonious phyloge-
netic tree computed from the whole genome data was
similar to the topologies of heuristically parsimonious
trees obtained for each individual gene and DNA
sequence sets (hexon, penton base, fibre, DNA poly-
merase, E4ORF6, E1A, and hexon loops 1 and 2
(antigenic epitopes). That is, no significant changes in
the clades were evident. Phylogenetic network analysis
(Neighbor-net algorithm; SplitsTree4, v2.14.6) illus-
trated a similar relationship with multiple reticulate
events at the outgroup regions and PrAdV-R. In gen-
eral, both the phylogenetic network and the heuristi-
cally parsimonious tree produce similar clades and
node connections, as shown in Fig. 2. This supports
the parsing of species within human and simian aden-
oviruses.
Percent identity matrix analysis
Percent identity matrices of whole genome sequences
were generated to determine the level of sequence simi-
larities supporting the phylogenetic clades. To be con-
sistent with the literature, pairs of HAdV genomes
were compared to yield the minimum threshold
observed for the separation of these HAdVs. An arbi-
trary threshold cutoff of 78.8% was determined and
designated to be the minimum for two HAdVs belong-
ing within a species clade, as shown for PrAdV-A in
Table 1; the next minimum value observed was 79.1%,
for a pair of HAdVs in the PRAdV-B clade. This
designated threshold value parses the whole genome
phylogenetic tree into 19 distinct clades or species. As
shown in Fig. 3A, the average percent identity separat-
ing each AdV from its nearest neighbor within each
cluster is above the threshold value.
Genomes within each individual clade identify with
themselves and are highly correlated, i.e., they have high
sequence similarities to each other. For PrAdV-D, a
total of 68 genomes were used in the percent identity
matrix analysis, resulting in a minimal percent identity
of 87.5%. Analysis of the 15 PrAdV-E genomes reveals
a minimal percent identity of 86.9%. Average percent
identities for PrAdV-E and PrAdV-D are
92.2%  0.13% and 92.3%  0.6%, respectively. The
PrAdV-B heat map showed a clear separation among
the four groups which directly correlate with the B1, B2,
B3, and B4 in the whole genome tree. As a control, gen-
omes have a percent identity of 1 when run against
themselves. The average for individual clades is not
skewed by this control in the matrix. The standard devi-
ation shows that the error is in the acceptable range.
Character optimization of genome-wide substitution
analysis
The character changes for whole genome parsimony
tree lineages identified 119 important amino acid
changes that may define the six commonly seen PrAdV
species A total of 18 character informative silent muta-
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Fig. 2. Phylogenetic network analysis of Mastadenovirus genomes. Whole genome sequences (174 total) that have been archived in GenBank
were collected and analyzed. A phylogenetic network was constructed using SplitsTree software with default parameters applied to character
blocks using the GTR + I + G algorithm model (http://www.splitstree.org/). These genomes represented all human and simian adenoviruses con-
tained in the genus Mastadenovirus, along with six non-Mastadenovirus outgroup viruses and one closely related nonprimate adenovirus (treesh-
rew, TAV). As shown in this network, the proposed primate adenovirus species (PrAdV) segregate into 19 species or clades, with one comprising
subclades (PRAdV-B1 to B4). The ingroup for the adenovirus clades is in bold for each cluster. Provided is a scale bar that represents the num-
ber of weighted splits (“bipartisan”).
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genetic variations in all the genes define each PrAdV
clade. Single nucleotide polymorphisms (SNPs) are
presented in all gene regions except the whole L5 and
part of E3 and E4 gene regions due to higher base
variations. The most character changes observed are in
pIVa2, polymerase, L1 52K, and L4 100K. Hexon
sequences also contained a higher number of SNPs at
the conserved area C1 and C4 epitope. A base change
of G to A at the polymerase and pTP region resulted
in two different amino acid change R to H (position
45) and V to I (position 618), respectively (Table 2).
Discussion
The goals of this study are to understand the taxo-
nomic relationships between HAdVs and SAdVs based
on whole genome, gene, and DNA sequences; to iden-
tify micro-evolutionary differences that may link to
the causation of adenovirus variations; and to reaffirm
AdVs as an exceptional model system in the genomics
era, one in which the origins of emergent human
pathogens from zoonotic and anthroponotic sources
and their routes in adaptation to a new host can be
elucidated. To that end, we present the largest, com-
prehensive, phylogenetic analysis performed to date of
HAdVs and SAdVs circulating worldwide. The trees in
this study are very similar to those constructed previ-
ously both as preliminary trials and in other studies
reported, albeit in small-scale datasets and recovered
using different phylogenetic methods (Prado-Irwin
et al., 2018; Harrach et al., 2019), with some minor
changes in tree topology that do not affect our major
conclusions. This larger phylogenomic study of the pri-
mate adenoviruses, particularly of 174 whole genomes,
allows a more precise and comprehensive understand-
ing of the evolutionary relationship of human and
simian adenoviruses.
Recognition and elucidation of virus-host interac-
tions, particularly viral-host adaptive evolution, have
been enhanced greatly by genomics technology and
databases. Many viruses undergo cross-species trans-
mission (Parrish et al., 2008), resulting in emergent
pathogens and novel human diseases. Human Severe
Acute Respiratory Syndrome Coronavirus (SARS-
CoV) is an example of an emergent cross-species zoo-
notic pathogen first identified and characterized using
DNA probe hybridization and array technology, cou-
pled with the then-expanding genome and DNA
sequence databases (Chen et al., 2011a). Subsequent
and continuing analyses have identified bats as a reser-
voir or natural host (Li et al., 2005; Hu et al., 2017).
A second example is the recent emergence of the Mid-
dle East Respiratory Syndrome-related Coronavirus
(MERS-CoV) virus, from which genomic evidence has
suggested origins or non-human reservoirs of bats and
camels (Anthony et al., 2017; Chu et al., 2018).
HIV is yet another example of a zoonotically
derived emergent human viral pathogen that has been
thoroughly documented and analyzed using genomics
and phylogeny analysis tools. The origins of HIV
appear to lie in multiple cross-species infections from
chimpanzees to human over a period of time, but with
only one of these cases leading to the establishment of
HIV in humans. This host adaptation was likely the
result of genome changes that were selected for
Table 1
Genome percent identity matrix summary table for 19 distinct primate adenovirus species noting the number of samples. The grey highlights the
cutoff value for speciation amongst these genomes. The minimum for each primate adenovirus species is above the cutoff.
Type # Isolates Maximum Minimum Average SD
PrAdV-A 4 0.976 0.788 0.883 0.089
PrAdV-B 31 0.997 0.791 0.866 0.059
PrAdV-C 5 0.977 0.934 0.958 0.025
PrAdV-D 68 0.983 0.875 0.924 0.016
PrAdV-E 15 0.999 0.869 0.928 0.032
PrAdV-F 2 0.856 0.856 0.928 0.083
PrAdV-G 4 0.954 0.826 0.91 0.069
PrAdV-H 14 0.989 0.854 0.922 0.05
PrAdV-I 2 0.913 0.913 0.9565 0.05
PrAdV-J 1 – – – –
PrAdV-K 2 0.97 0.97 0.986 0.017
PrAdV-L 1 – – – –
PrAdV-M 4 1 0.86 0.926 0.061
PrAdV-N 1 – – – –
PrAdV-O 1 – – – –
PrAdV-P 1 – – – –
PrAdV-Q 1 – – – –
PrAdV-R 1 – – – –
PrAdV-S 9 0.996 0.902 0.943 0.038









































































































1 0.941 0.937 0.935 0.934 0.706 0.705 0.755 0.759 0.76 0.76 0.761 0.761 0.76 0.756 0.756
0.941 1 0.942 0.941 0.945 0.705 0.707 0.757 0.76 0.761 0.761 0.759 0.759 0.761 0.757 0.757
0.937 0.942 1 0.968 0.959 0.706 0.707 0.757 0.758 0.759 0.759 0.756 0.757 0.76 0.758 0.758
0.935 0.941 0.968 1 0.977 0.705 0.706 0.755 0.755 0.756 0.756 0.754 0.754 0.756 0.755 0.755
0.934 0.945 0.959 0.977 1 0.704 0.705 0.755 0.756 0.757 0.757 0.755 0.755 0.757 0.756 0.756
0.706 0.705 0.706 0.705 0.704 1 0.97 0.75 0.753 0.754 0.754 0.753 0.752 0.752 0.749 0.749
0.705 0.707 0.707 0.706 0.705 0.97 1 0.753 0.755 0.757 0.757 0.753 0.753 0.755 0.751 0.751
0.755 0.757 0.757 0.755 0.755 0.75 0.753 1 0.972 0.977 0.977 0.902 0.902 0.905 0.912 0.912
0.759 0.76 0.758 0.755 0.756 0.753 0.755 0.972 1 0.988 0.988 0.91 0.91 0.915 0.904 0.905
0.76 0.761 0.759 0.756 0.757 0.754 0.757 0.977 0.988 1 1 0.91 0.91 0.915 0.904 0.905
0.76 0.761 0.759 0.756 0.757 0.754 0.757 0.977 0.988 1 1 0.91 0.91 0.915 0.904 0.905
0.761 0.759 0.756 0.754 0.755 0.753 0.753 0.902 0.91 0.91 0.91 1 0.992 0.955 0.945 0.945
0.761 0.759 0.757 0.754 0.755 0.752 0.753 0.902 0.91 0.91 0.91 0.992 1 0.956 0.945 0.946
0.76 0.761 0.76 0.756 0.757 0.752 0.755 0.905 0.915 0.915 0.915 0.955 0.956 1 0.979 0.979
0.756 0.757 0.758 0.755 0.756 0.749 0.751 0.912 0.904 0.904 0.904 0.945 0.945 0.979 1 0.996






















































































1 0.824 0.791 0.788 0.533 0.535 0.513 0.526 0.523 0.524
0.824 1 0.841 0.847 0.533 0.535 0.512 0.526 0.524 0.525
0.791 0.841 1 0.976 0.534 0.533 0.51 0.523 0.522 0.523
0.788 0.847 0.976 1 0.534 0.534 0.509 0.523 0.523 0.524
0.533 0.533 0.534 0.534 1 0.753 0.514 0.577 0.532 0.531
0.535 0.535 0.533 0.534 0.753 1 0.525 0.579 0.54 0.541
0.513 0.512 0.51 0.509 0.514 0.525 1 0.557 0.6 0.599
0.526 0.526 0.523 0.523 0.577 0.579 0.557 1 0.642 0.644
0.523 0.524 0.522 0.523 0.532 0.54 0.6 0.642 1 0.913
0.524 0.525 0.523 0.524 0.531 0.541 0.599 0.644 0.913 1








































































Fig. 3. Percent identity analysis of human and simian adenovirus genomes. (a) Average percent identity analysis is plotted for individual pairs
of adenovirus genomes within each primate adenovirus species. The cutoff threshold for separating clades is indicated, at 0.788. (b) Genome per-
cent identity matrix is presented as a heatmap for the PrAdV-A, PrAdV-O, PrAdV-J, PrAdV-Q, PrAdV-P, and PrAdV-I pairs. (c) Genome per-
cent identity matrix heatmap for the PrAdv-C, PrAdV-K, and PrAdV-S pairs. Heatmap values are presented such that the darker colour reflects
higher similarity (“Colour Key”). [Colour figure can be viewed at wileyonlinelibrary.com]
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optimal virus fitness in the new host. The related
human disease, AIDS, and epidemic were apparently
driven and amplified by the confluence of social and
technological events in 1920 Kinshasa, the Congo
(Keele et al., 2006; Faria et al., 2014).
AdVs provide an ideal model system for applying
genomics technology, bioinformatics methodology,
and resultant sequence databases in studying and
understanding virus-host interactions and host adapta-
tion and virus evolution in the context of zoonosis and
anthroponosis. HAdVs have been the subject of count-
less research inquiries across multiple disciplines and
have been well-studied since the first dual simultaneous
isolations in 1952 (Rowe et al., 1953; Hilleman and
Werner, 1954). Through the years, a vast number of
HAdVs, SAdVs, and other AdVs have been isolated,
characterized, and genome-sequenced, with the most
recent version of the GenBank database yielding 730
complete genomes across a myriad of vertebrate hosts
(November 19, 2018). These AdV genomes are repre-
sented in the largest number with isolates from human
and simian hosts. In particular, the diversity of the
SAdVs provide multiple routes of zoonotic entry into
new hosts and opportunities for host adaptation, par-
ticularly if the resultant human disease is benign or
non-life threatening, as observed for most HAdV
infections.
Zoonotic transmission of a TMAdV from titi mon-
keys to a human at the California National Primate
Research Center, with subsequent infections and
human familial transmission has been reported (Chen
et al., 2011b). Another example of primate to human
zoonosis was reported in an acute respiratory disease
(ARD) outbreak involving baboon AdVs (BaAdV-3),
in an olive baboon colony in 1997 at the Texas
Biomedical Research Institute (Chiu et al., 2013). Fol-
lowing that event, neutralizing antibody titres for
BaAdV-3 were detected in both baboons and humans,
with the additional discovery of neutralizing antibodies
amongst the healthy baboons from 1996 to 2003, as
well as in staff personnel from 1997 (Chiu et al.,
2013). In non-captive environments, a survey of
human sera that tested positive for antibodies against
SAdVs may be paired with a sub-Saharan Africa data-
set that reported a PCR-based survey of nonhuman
primates to support the hypothesis that cross-species
transmissions occur between humans and non-human
primates (Xiang et al., 2006; Wevers et al., 2011).
Additional reports of cross-species transmission of
AdVs include sequence data and/or sero-neutralization
data (Ersching et al., 2010; Pauly et al., 2015; Hoppe
et al., 2015a; Wang et al., 2018). Again, the impor-
tance of these reports is two-fold. First, the bidirec-
tional transmissions and the genome similarities may
limit the advantage of using SAdV genomes as vectors
for gene therapy and vaccine development. Second,
significant, novel and emergent human pathogens may
arise.
As an example of a “significant, novel and emergent
human pathogen” that has arisen, the highly conta-
gious and “long-established” human respiratory patho-
gen HAdV-4 serves as a precedent, highlighting
zoonosis and host adaptation through genome recom-
bination. This genotype was one of the first HAdVs
isolated and characterized as a human pathogen asso-
ciated with ARD. Its pathology and epidemiology
were of such importance that it is one of only two
HAdVs for which vaccines have been developed, thrice
(1956, 1971, and 2011; https://www.historyofvaccines.
org/content/blog/adenovirus-vaccines-reinstated-after-
long-absence) (Top et al., 1971; Lyons et al., 2008).
Each vaccine pause resulted in the immediate re-emer-
gence of HAdV-4 as a major pathogen (Barraza et al.,
1999), as the prevalence of HAdV-4 returned to pre-
vaccine levels upon discontinuation of the vaccine.
Unexpectedly, this significant human pathogen was
shown, using genomics and bioinformatics, to be a
chimpanzee AdV (Purkayastha et al., 2005a; Pur-
kayastha et al., 2005b; Dehghan et al., 2013b). An
apparent recent genome recombination event involving
a parental HAdV genome (Dehghan et al., 2013b) and
its host protein-binding (NF1) motif that provides for
optimized AdV replication in human cells (Nagata
et al., 1982; Stillman et al., 1982; Kenny et al., 1988;
Mul et al., 1990; Hatfield and Hearing, 1991). This
may have facilitated its adaptation to humans (Deh-
ghan et al., 2013b; Zhang et al., 2019; Coleman et al.,
2020). Intriguingly, HAdV-4 is still the sole HAdV
member of “HAdV” species E (Purkayastha et al.,
2005a; Dehghan et al., 2013b), with chimpanzee AdVs
comprising the rest of the clade. To re-emphasize, it is
known as “HAdV-4” despite its high genome similarity
to fourteen SAdVs, comprising a clade historically
named “HAdV species E” or the proposed PrAdV-E,
as shown in Figure S1. In more detail, HAdV-4
showed a ~100% genomic identity to SAdV-26, sug-
gesting it is SAdV-26 (or vice versa as perhaps a
simian host acquired HAdV-4 through anthroponosis,
as it is difficult to ascertain with certainty the direction
of gene/genome flow), which again highlights and sup-
ports the hypothesis that these HAdVs and SAdVs
may be interchangeable with respect to these phyloge-
netically related hosts. As a model system, this raises
the conundrum of whether nomenclature should be
modified given high-resolution insights, that is, high-
resolution data supersedes “historical entrenchment”,
and provides a truer perspective for biological, clinical,
and public health reality.
Chimpanzee AdVs, for example strain Y25, have
been shown to be either antigenically related to
HAdV-2 (Hillis et al., 1969) or distinguishable from
HAdVs (Hillis et al., 1968). Other chimpanzee AdV
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isolates, including strains Pan5 and Pan 9, were not
neutralized by antisera against HAdVs (Rogers et al.,
1967; Basnight et al., 1971).
Complicating the cross-species transmissions are
recent genome analysis reports on HAdVs and SAdVs
that indicate recombination events may be more com-
mon than previously thought, both within AdVs of each
species and also between AdVs of different host species.
These are significant with respect to public health, as the
recombination events do lead to novel, emergent human
pathogens, e.g., epidemic keratoconjunctivitis (Walsh
et al., 2009) and acute respiratory disease (Walsh et al.,
2010). In humans, adenovirus genomes undergo rela-
tively frequent genetic recombination, particularly in
the hypervariable regions of the genome, with sequence
parameters reported (Lee et al., 2018). Although there
are not many reports to date of HAdVs and SAdVs
cross-species recombinants in the literature, there is one
compelling example. SAdV-35.1 and 35.2 have been
isolated from captive populations of chimpanzees and
bonobos at two different sites (Dehghan et al., 2013a).
The genome sequences show a near 100% identity,
hence the non-standard and confusing names. A third,
archived genome from 1967, has been recently
sequenced and reported to show near identity to the
above two genomes as well (manuscript in preparation).
As it was isolated from a human host and led to a respi-
ratory illness and fatality, it has been renamed HAdV-
76 (Dehghan et al., 2019), rather than “SAdV-35.3” or
the original designation “21 + 16/16”. These three gen-
omes contain recombination events from SAdV-21
(chimpanzee), HAdV-21 (human), SAdV-27 (chim-
panzee), and HAdV-16 (human) (Dehghan et al., 2013a;
Dehghan et al., 2019). This striking example under-
scores why AdVs may be one of the few, if not the only,
model organisms to explore and understand the phe-
nomenon of “amphizoonosis”, that is, cross-species
transmissions occurring in both directions.
A further complication is anthroponosis, which is
the transmission of microbe from human to other ani-
mal species (Yu et al., 2009). Of concern is transmis-
sion to nonprimate host species. Should subsequent
amphizoonosis occur, that is, from nonhuman host
species and back to humans, potential recombinant
AdVs may result in novel, emergent human pathogens.
Recent reports indicate that bat and cat harbour at
least one AdV each that have gene sequences with sig-
nificant sequence similarities to their HAdV counter-
parts (Ongradi, 1999; Phan et al., 2006; Baker et al.,
2013; Ongradi et al., 2019). Phylogenetic analysis of
the fruit bat AdV-1 hexon shows it forms a clade sepa-
rate from previously sequenced bat AdVs, and clusters
with the HAdV clade with a high bootstrap value of
93 (Baker et al., 2013). The bat hexon shared 77%
and 90% amino acid similarities with the HAdV coun-
terpart across 58 and 63 amino acids, respectively, of
the 900 amino acid hexon protein. The hexon gene of
an isolated cat AdV presents with high sequence simi-
larity to HAdV-1 as well (Ongradi, 1999; Ongradi
et al., 2019). Independently, and geographically sepa-
rated, the isolation of a cat AdV in a one-year old
child hospitalized for acute gastroenteritis was
reported in 2006. Sequence analysis shows 100%
amino acid sequence identity in the seven hypervari-
able regions of the hexon gene and 97% amino acid
sequence identity in the fibre gene to the HAdV-1
counterparts (Phan et al., 2006).
The current nomenclature, formally ICTV-approved
or informally proposed in reports, is highly confusing
and is misleading. In the absence of guidance, sugges-
tions for a universal set of rules go unheard as
researchers assign apparently random names. The
example alluded to in the previous discussion is indica-
tive of many similar names for different AdVs, isolated
from different hosts albeit with near-identical or highly
similar genomes. Other examples include SAdV-35.1
(chimpanzee; New Iberia Research Center) and SAdV-
35.2 (bonobo; San Diego Zoo); SAdV-37.1 (chim-
panzee; New Iberia Research Center) and SAdV-37.2
(bonobo; San Diego Zoo); SAdV-25 and SAdV-25.1;
SAdV-27.1 (chimpanzee; New Iberia Research Center);
and SAdV-27.2 (gorilla; Atlanta Zoo). In contrast,
SAdV-25 and SAdV-25.1 are both chimpanzee viruses.
These isolates and the nomenclature confusion reflect
the intriguing hypothesis that certain SAdVs and
HAdVs are able to infect hosts across species lines,
perhaps as multiple events across multiple species
hosts over time, and recombine genomes. Although
the directionality of transmission is difficult to deter-
mine, the result is a novel adenovirus that may be an
emergent pathogen. In some, or perhaps most
instances, the zoonosis or anthroponosis is short-lived
as the virus does not have sufficient fitness to spread
significantly in the new host, e.g., TMAdV and
BaAdV-3. Perhaps in some instances, conditions allow
for a suboptimal grasp on the new host, selecting for a
mutation or recombinational event that allows the
novel host-adapted virus to thrive in an immune-na€ıve
population, e.g., HAdV-4.
It may be argued that all SAdVs isolated from the
primates in captive settings actually originate from
human caretakers, as primates in captivity are often
bred for generations and may have never been in con-
tact with wild primates. As a counterargument, it
should also be noted that, with the exception of
HAdV-4 and perhaps HAdV-76, these SAdVs have
never been found in human populations, at least the
past 67 years since the first recognition and isolation
of HAdVs in 1952 (Rowe et al., 1953; Hilleman and
Werner, 1954).
Examination of the sequences of 174 isolates sug-
gested that adenoviruses may be parsed into 19 distinct
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clades. Of these, there may be something fundamen-
tally different about PrAdV-D genomes. First, the
PrAdV-D clade is found exclusively in human hosts.
Also, PrAdV-D genotypes will only recombine with
others within the PrAdV-D clade. This indicates that
there might be a barrier between the PrAdV-D clade
and other clades that prevents lateral genome transfer.
More data are required for a better understanding of
these distinctions of the PRAdV-D clade. The average
sequence identities for PrAdV-E and PrAdV-D gen-
omes are 0.928  0.032 and 0.924  0.016, respec-
tively. The approximately 7% difference in genome
percent identity are centered in the hypervariable
regions that include the penton base, hexon, and fibre
genes. Similar results have been observed in other
studies with smaller datasets (Robinson et al., 2013).
PrAdV-B clade is the second largest clade in the whole
genome phylogenetic tree. It can be further divided
into four subclades: PrAdV-B1, PrAdV-B2, PrAdV-
B3, and PrAdV-B4. While PrAdV-B1, PrAdV-B2, and
PrAdV-B4 each contain solely either HAdV or SAdV,
PrAdV-B3 contains both, that is, the SAdV-21, SAdV-
35.2, SAdV-35.1, and HAdV-76 genotypes. Specifi-
cally, SAdV-35.1, SAdV-35.2 and HAdV-76 shared a
percent identity of > 0.996.
A total of 119 SNPs were identified for six PrAdV
clades across four genes examined. These were found
to have character informative mutations equal to or
greater than the number of SNPs detected in DNA
polymerase, which was used as a reference as it is pre-
sumably conserved. These four genes, IVa2, L1 52K,
hexon C1 and C4 epitopes, and L4 100K may have
conserved regions that are important for viral survival.
All four genes are essential to produce mature virions,
as IVa2 and L1 52K are required for DNA packaging
(Zhang et al., 2001); L1 52K interacts with the IVa2
to aid the adenovirus assembly (Zhang et al., 2001;
Ma and Hearing, 2011); and L4 100K is a chaperone
protein for hexon and essential for cellular infectivity
and adenovirus replication (Koyuncu and Dobner,
2009).
A difficulty and a caveat of this study is the poten-
tial quality issues in some of the sequences, as genomic
sequences were performed by different laboratories,
with a range of sequencing platforms and methodolo-
gies, and across three decades – some of the strains
were sequenced when sequencing technology was still
immature. As an example, the first HAdV genome
sequences were composites generated in pieces from
multiple research groups and included manual radioac-
tive sequencing data. The first HAdV-17 genome data
set has been discarded for being of poor quality; in
fact, all of the original five HAdV genomes archived in
GenBank have been resequenced. Nevertheless, inaccu-
rate data would contribute to an imprecise result.
However, since nearly all of the sequences were
performed recently and as there are vast amounts of
quality data involved in this study, it is likely that the
effects of sequencing errors are insignificant.
A substantial amount of sampling bias is also
observed in this study since HAdVs have been studied
disproportionally more than other AdVs. Originally,
SAdV sequences were few in number and some were
poorly sequenced and annotated. Although HAdVs
currently outnumber the SAdV sequences available in
this study, there are now sufficient sequences to ensure
an accurate analysis and conclusions. As more SAdVs
are being isolated, even higher quality analyses can be
performed. However, it is anticipated that these addi-
tional genomes will support and enhance the current
findings.
Phylogenetic networks were computed to represent
and quantify the uncertainty in the parsimony trees.
The reticulate event in the neighbour-net may be due
to genetic variations among distinct species. PrAdV-R
stands out as an apparent anomaly among the various
species comprising the primate adenoviruses as it
seemingly separates like the outgroups, which are
included for reference. As noted in Fig. 2, the network
analysis displays lines for PrAdV-R and SnAdV-1,
indicating past recombination events between the two.
The overall layout of the tree and network displayed a
high similarity that proves that sampling error and sys-
tematic error had little or no effect on the tree con-
struction. Horizontal gene transfer and recombination
were also taken into account in the phylogenetic net-
work. This more realistic approach has proven the
validity of using phylogenetic tree lineages for aden-
ovirus speciation.
This study demonstrates that the differences between
HAdVs and SAdVs are negligible in terms of phy-
logeny and taxonomy. Clades or “species” within this
phylogenetic tree are intermixed with both AdVs as
the relationships between HAdVs and SAdVs are com-
plex and entangled, some of which have been revealed
with high-resolution analyses. HAdVs and SAdVs do
not appear to have evolved separately as would be
implied by separate phylogenetic trees accepted by the
ICTV Adenovirus Working Group. These AdVs are
from the same origins and utilized cross-species recom-
bination as an evolutionary mechanism to survive and
prosper within hosts, presumably also in new hosts
with immune-na€ıve surveillance. Again, the prospect
and reality of zoonosis and anthroponosis of AdVs
amongst human and other simian hosts is relevant in
terms of public health and applications to medicine.
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Fig. S1. Heuristically parsimonious phylogenetic tree
of Mastadenovirus viruses. Whole genome sequences of
174 adenoviruses were aligned using a Multiple Align-
ment software tool incorporating a Fast Fourier
Transform (MAFFT version 7) with default parame-
ters (https://mafft.cbrc.jp/alignment/server/). Post-
alignment, the data were parsed using a heuristically
parsimonious phylogenetic tree algorithm in the PAUP
software (http://paup.sc.fsu.edu), with default parame-
ters and 1000 bootstrap replicates. The scale bar indi-
cates the branch length. Bootstrap values > 50% are
shown, with 80% noted as significant.
Fig. S2. Heuristically parsimonious phylogenetic tree
of the Mastadenovirus viruses. Whole genome
sequences of 174 adenoviruses were aligned using the
“Multiple Alignment” software tool incorporating a”
Fast Fourier Transform” (MAFFT version 7) with
default parameters (https://mafft.cbrc.jp/alignment/se
rver/). Post-alignment, the data were parsed using the
heuristically parsimonious phylogenetic tree algorithm
in the TNT software (http://www.lillo.org.ar/phyloge
ny/tnt/), with default parameters and 1000 bootstrap
replicates. The scale bar indicates the branch length.
Bootstrap values > 50% are displayed, with 80%
noted as significant.
Fig. S3. Heuristically parsimonious phylogenetic tree
of the adenoviral hexon gene with 1000 bootstrap
replicates. Hexon gene sequences of 174 adenoviruses
were extracted from the whole genome sequence and
aligned using a Multiple Alignment software tool
incorporating a Fast Fourier Transform (MAFFT ver-
sion 7) with default parameters (https://mafft.cbrc.jp/
alignment/server/). Post-alignment, the data were
parsed using a heuristically parsimonious phylogenetic
372 J. Kang et al. / Cladistics 36 (2020) 358–373
tree algorithm in the TNT software (http://www.lillo.
org.ar/phylogeny/tnt/), with default parameters and
1000 bootstrap replicates. Scale bar indicates the
branch length. Bootstrap values > 50% are shown,
with 80% noted as significant.
Fig. S4. Heuristically parsimonious phylogenetic tree
of the adenoviral penton base gene with 1000 boot-
strap replicates. Penton base gene sequences of 174
adenoviruses were extracted from the whole genome
sequence and aligned using a Multiple Alignment soft-
ware tool incorporating a Fast Fourier Transform
(MAFFT version 7) with default parameters (https://
mafft.cbrc.jp/alignment/server/). Post-alignment, the
data were parsed using a heuristically parsimonious
phylogenetic tree algorithm in the TNT software
(http://www.lillo.org.ar/phylogeny/tnt/) with default
parameters and 1000 bootstrap replicates. Scale bar
indicates the branch length. Bootstrap values > 50%
are shown, with 80% noted as significant.
Fig. S5. Heuristically parsimonious phylogenetic tree
of the adenoviral fibre gene with 1000 bootstrap repli-
cates. Fibre gene sequences of 174 adenoviruses were
extracted from the whole genome sequence and aligned
using a Multiple Alignment software tool incorporat-
ing a Fast Fourier Transform (MAFFT version 7)
with default parameters (https://mafft.cbrc.jp/alignme
nt/server/). Post-alignment, the data were parsed using
a heuristically parsimonious phylogenetic tree algo-
rithm in the TNT software (http://www.lillo.org.ar/phy
logeny/tnt/) with default parameters and 1000
bootstrap replicates. Scale bar indicates the branch
length. Bootstrap values > 50% are shown, with 80%
noted as significant.
Fig. S6. Heuristically parsimonious phylogenetic tree
of the adenoviral DNA polymerase gene with 1000
bootstrap replicates. DNA polymerase gene sequences
of 174 adenoviruses were extracted from the whole
genome sequence and aligned using a Multiple Align-
ment software tool incorporating a Fast Fourier
Transform (MAFFT version 7) with default parame-
ters (https://mafft.cbrc.jp/alignment/server/). Post-
alignment, the data were parsed using a heuristically
parsimonious phylogenetic tree algorithm in the TNT
software (http://www.lillo.org.ar/phylogeny/tnt/) with
default parameters and 1000 bootstrap replicates. Scale
bar indicates the branch length. Bootstrap values
> 50% are shown, with 80% noted as significant.
Fig. S7. Heuristically parsimonious phylogenetic tree
of the adenoviral E4ORF6 gene with 1000 bootstrap
replicates. E4ORF6 gene sequences of 174 aden-
oviruses were extracted from the whole genome
sequence and aligned using a Multiple Alignment soft-
ware tool incorporating a Fast Fourier Transform
(MAFFT version 7) with default parameters (https://
mafft.cbrc.jp/alignment/server/). Post-alignment, the
data were parsed using a heuristically parsimonious
phylogenetic tree algorithm in the TNT software
(http://www.lillo.org.ar/phylogeny/tnt/) with default
parameters and 1000 bootstrap replicates. Scale bar
indicates the branch length. Bootstrap values > 50%
are shown, with 80% noted as significant.
Fig. S8. Heuristically parsimonious phylogenetic tree
phylogeny of the adenoviral E1A gene with 1000 boot-
strap replicates. E1A gene sequences of 174 aden-
oviruses were extracted from the whole genome
sequence and aligned using a Multiple Alignment soft-
ware tool incorporating a Fast Fourier Transform
(MAFFT version 7) with default parameters (https://
mafft.cbrc.jp/alignment/server/). Post-alignment, the
data were parsed using a heuristically parsimonious
phylogenetic tree algorithm in the TNT software
(http://www.lillo.org.ar/phylogeny/tnt/) with default
parameters and 1000 bootstrap replicates. Scale bar
indicates the branch length. Bootstrap values > 50%
are shown, with 80% noted as robust and significant.
Table S1. Inventory of adenoviruses contained
within the genus Mastadenovirus used in this study.
All genomes, available from GenBank, are noted along
with their accession numbers, host from which the
virus was isolated, year of isolation, and the country
in which the virus was isolated. Simian adenoviruses,
in many cases, were isolated from captive populations,
including zoos and primate colonies established for
medical and scientific research.
Table S2. Variable genes that may define select
PrAdV clades, including PrAdV-A, B, C, D, E, and H.
Each gene and protein with character informative
changes are aligned to locate and confirm the SNPs
for each clade. All synonymous and nonsynonymous
SNPs are recorded based on the nucleotide and amino
acid positions in the gene and gene product. These
SNPs are conserved within individual clades which
may serve as a potential indicator for a common
ancestor.
J. Kang et al. / Cladistics 36 (2020) 358–373 373
